To study the epidemiology of Pseudomonas aeruginosa colonization in a 32-bed burn wound center (BWC), 321 clinical and 45 environmental P. aeruginosa isolates were collected by prospective surveillance culture over a 1-year period and analyzed by serotyping, drug susceptibility testing, and amplified fragment length polymorphism (AFLP) analysis. Among 441 patients treated at the center, 70 (16%) were colonized with P. aeruginosa, including 12 (17%) patients who were colonized on admission and 58 (83%) patients who acquired the organism during their stay. Of the 48 distinct AFLP genotypes found, 21 were found exclusively in the environment, 15 were isolated from individual patients only, and 12 were responsible for the colonization of 57 patients, of which 2 were also isolated from the environment, but secondary to patient carriage. Polyclonal P. aeruginosa colonization with strains of two to four genotypes, often with different antibiotic susceptibility patterns, was observed in 19 patients (27%). Two predominant genotypes were responsible for recurrent outbreaks and the colonization of 42 patients (60% of all colonized patients). The strain with one of those genotypes appeared to be endemic to the BWC and developed multidrug resistance (MDR) at the end of the study period, whereas the strain with the other genotype was antibiotic susceptible but resistant to silver sulfadiazine (SSD r ). The MDR strain was found at a higher frequency in sputum samples than the SSD r strain, which showed a higher prevalence in burn wound samples, suggesting that anatomic habitat selection was associated with adaptive resistance to antimicrobial drugs. Repeated and thorough surveys of the hospital environment failed to detect a primary reservoir for any of those genotypes. Cross-acquisition, resulting from insufficient compliance with infection control measures, was the major route of colonization in our BWC. In addition to the AFLP pattern and serotype, analysis of the nucleotide sequences of three (lipo)protein genes (oprI, oprL, and oprD) and the pyoverdine type revealed that all predominant strains except the SSD r strain belonged to recently identified clonal complexes. These successful clones are widespread in nature and therefore predominate in the patient population, in whom variants accumulate drug resistance mechanisms that allow their transmission and persistence in the BWC.
The burn wound represents a site susceptible to opportunistic colonization. Although present techniques of burn wound care have significantly reduced the incidence of infections in patients with burn wounds (45) , severely burned patients may still develop life-threatening infections. The situation for patients with Pseudomonas aeruginosa infections is particularly problematic since this organism is inherently resistant to many drug classes and is able to acquire resistance to all effective antimicrobial drugs (16, 31) .
On 5 August 1998, an antibiotic-resistant serotype O12 P. aeruginosa strain was isolated from the burn wounds of three patients and the sputum of two patients in the burn wound center (BWC) of the Queen Astrid Military Hospital, Brussels, Belgium. An outbreak of infection due to a P. aeruginosa strain originating from an exogenous source was initially suspected. All patients were meticulously screened for P. aeruginosa, and all isolates were serotyped and genotyped by random amplified polymorphic DNA PCR (RAPD-PCR) (10) . RAPD-PCR demonstrated the presence of an epidemic serotype O12 P. aeruginosa strain. An extensive search of the hospital environment failed to identify a reservoir for the epidemic strain. Antibiotic therapy, reinforcement of isolation precautions, and improved environmental decontamination measures failed to eradicate the epidemic strain, which caused multiple outbreaks in the BWC for more than a year. By the end of 1998, the epidemic strain had acquired resistance to all commercially available antibiotics to become truly multidrug resistant (MDR). The epidemic strain disappeared in 1999 when the occupancy rate of the BWC dropped to 10% and the P. aeruginosa colonization rate subsequently dropped to 0%. In the present study, the amplified fragment length polymorphism (AFLP) technique, a highly discriminatory and reproducible genotyping method (50, 58) , was applied to perform a detailed analysis of the routes of P. aeruginosa colonization in the BWC. We conducted a retrospective analysis of a selection of 321 clinical and 45 environmental P. aeruginosa isolates collected in the BWC over a period of 1 year (July 1998 to July 1999) by AFLP analysis, drug susceptibility testing (11 antibiotics and 5 topical antibacterial agents), and O serotyping.
MATERIALS AND METHODS
Setting. The BWC of the Queen Astrid Military Hospital is a referral center for Belgium. The intensive care unit (ICU) has 8 single-bed rooms with an occupancy rate of 80%, 1 admission room, and 3 bathrooms; the medium-care unit (MCU) has 12 double-bed rooms and 2 bathrooms. Each ICU room has its own sink and trolley with equipment for patient care. All bathrooms are equipped with a hydrotherapy facility. Two ICU rooms and one bathroom are equipped with laminar airflow. Hand washing with a detergent skin cleansing solution (Hibiscrub; Zeneca Pharma, Cergy, France) is required between patient contacts; caps, masks, shoe covers, and gloves are required at all times in the patient rooms and bathrooms. Sterile gloves are required for wound care procedures. Equipment that is shared between patients, including hydrotherapy equipment, is disinfected between each use with Ivisol (Shülke und Mayr Benelux, Haarlem, The Netherlands), a phenol derivative-based disinfectant, and Mikrozid (Shülke und Mayr Benelux), an ethanol-and propanol-based disinfectant, according to the guidelines of the manufacturer. Serial samples are taken on admission and every second day (ICU), weekly (MCU), or whenever required for clinical reasons. Blood cultures are performed for patients with clinical signs of septicemia. Samples are taken by classical sampling procedures (18) . The patient-to-nurse ratio during the day is 1:1 for the ICU and 2:1 for the MCU. During holidays, less experienced nursing personnel stand in to maintain this ratio. All patients admitted to the ICU and MCU between 22 July 1998 and 24 July 1999 were included in the study.
Treatment of burn patients. Silver sulfadiazine (1% [SSD]; Flammazine; Solvay, Brussels, Belgium) is applied to the burn wounds on a daily basis. A mixture of 1% SSD and 2.2% cerium nitrate (Flammacerium; Solvay) is applied when the burn wounds are colonized with P. aeruginosa. Mafenide acetate (8.5%; Sulfamylon cream; Queen Astrid Military Hospital, Brussels, Belgium) and 10% povidone-iodine (Isobetadine cream; Asta Medica, Brussels, Belgium) are occasionally used. Patients are bathed every day in filter-sterilized water containing chlorhexidine (Hibidil; Zeneca Pharma). During hydrotherapy, dressings are removed and the burn wounds are cleansed. Used antiseptic solutions and antibacterial creams are discarded and replaced by fresh sterile ones. Burn wounds are surgically excised 1 to 2 weeks after admission. One of the following three combinations of antibiotics was administrated as first-line (empirical) treatment whenever P. aeruginosa infection was suspected: aztreonam-piperacillin, ceftazidime-amikacin, or imipenem-amikacin.
Environmental survey. Environmental samples (n ϭ 300) were obtained on 10 August, 10 November, and 21 December 1998. Environmental samples included water from faucets, detergents, hand-washing solutions and swabs from sinks, hydrotherapy equipment, respirator drains, toilet bowls, floors, and other damp surfaces with potential for cross-contamination throughout the burn unit. Contact cultures (cetrimide agar; Sanofi Pasteur, Brussels, Belgium) of the hands of the physicians and nurses were also collected. The water feeding the hydrotherapy facilities was sampled every 2 months.
Microbiological analysis. The bacteria were isolated from clinical samples by standard microbiology procedures (18) . P. aeruginosa was identified by the analytical profile index procedure (API 20NE test; bioMérieux, Brussels, Belgium). P. aeruginosa was isolated from environmental swabs inoculated on cetrimide agar (Sanofi Pasteur) and identified by multiplex PCR, based on the amplification of two outer membrane lipoprotein genes, oprI and oprL, as described previously (11) . Samples of water (1 liter) and antiseptics (100 ml) were filtered through a 0.45-m-pore-size filter (Millipore, Brussels, Belgium) and cultured on pyocyanosel agar (bioMérieux). P. aeruginosa isolates were stored in LuriaBertani broth medium (Gibco-BRL-Life Technologies, Merelbeke, Belgium) containing 50% glycerol at Ϫ80°C.
Definitions. Colonization was defined as the isolation of P. aeruginosa from two consecutive cultures of samples from the same site. Colonization on admission was defined as the isolation of P. aeruginosa within 24 h. Cross-colonization was defined as the isolation of genotypically identical isolates from patients who were in the BWC at the same time.
AFLP analysis. An ABI 377 automated fluorescence sequencer (Applied Biosystems, Nieuwerkerk a/d Ijssel, The Netherlands) and the AFLP Microbial Fingerprinting kit (Applied Biosystems) were used for AFLP analysis, as detailed in the protocols of the manufacturer. The enzymes used were T4 DNA ligase, EcoRI, and Tru9I (all purchased from Roche Diagnostics, Brussels, Belgium). The primer pair used was EcoRI-0 (6-carboxyfluorescein) and MseI-C. Normalization and fragment sizing were carried out as described previously (42) . The criteria of Speijer et al. (53) for differentiation of P. aeruginosa by AFLP analysis were used to interpret the AFLP patterns.
Serotyping. Isolates were serotyped by slide agglutination according to the international serogrouping schema for P. aeruginosa (30) by using a panel of 16 type O monovalent antisera (Sanofi Pasteur), according to the guidelines of the manufacturer.
Drug susceptibility testing. All isolates were tested by the classical BauerKirby agar disk diffusion method (2) for susceptibility to the following antibiotics: amikacin, aztreonam, cefepime, ceftazidime, ceftriaxone, ciprofloxacin, imipenem, meropenem, piperacillin, piperacillin-tazobactam, and tobramycin. NC-CLS breakpoints (39) were used to determine susceptibility. All discs (NeoSensitabs) were purchased from Rosco (Taastrup, Denmark).
Susceptibility to topical antibacterial agents was tested by the agar well diffusion (AWD) method (56 
RESULTS

Microbiological analysis.
A total of 366 P. aeruginosa isolates, including 45 environmental isolates, were selected and studied retrospectively. At least one isolate from each colonized site of each colonized patient was selected. The clinical samples included burn wound swab or biopsy (n ϭ 149), sputum (n ϭ 46), throat swab (n ϭ 28), urine (n ϭ 26), nasal swab (n ϭ 24), blood (n ϭ 4), catheter (n ϭ 26), and probe (n ϭ 14) specimens. P. aeruginosa was also recovered from unfiltered tap water (n ϭ 13), sinks (n ϭ 12), plant rhizospheres (n ϭ 5), cleaned bathtubs (n ϭ 3), bedpan-cleaning devices (n ϭ 3), cleaned stretchers from hydrotherapy facilities (n ϭ 2), respirator equipment (n ϭ 2), toilet bowls (n ϭ 2), a cleaned floor (n ϭ 1), water from a clean trolley (n ϭ 1), and chlorhexidine solution (Hibidil; n ϭ 1). All cultures from the hands of the medical personnel were negative for P. aeruginosa.
Characteristics of patients colonized with P. aeruginosa. During the study period, 441 patients (mean age, 35.6 years; age range, 2.5 months to 95 years; mean total burn surface area [TBSA], 14.1%; TBSA range, 0 to 95%; mean duration of hospitalization, 14.2 days; range of duration of hospitalization, 1 to 270 days) were treated in the BWC. P. aeruginosa was isolated from 70 patients (16%; mean age, 46 years; age range, 1 to 92 years; mean TBSA, 25.0%; TBSA range, 0 to 75%; mean duration of hospitalization, 52.9 days; range of duration of hospitalization, 1 to 270 days). Twelve patients (17%) were colonized on admission, while nosocomially acquired colonization was demonstrated in 58 patients (83%). As could be expected, the incidence of P. aeruginosa colonization was proportional to the extent of the burn wound, the age of the patient, and the duration of the stay in the BWC (Fig. 1) . Eight patients colonized with P. aeruginosa died. For three of them death was directly attributed to P. aeruginosa infection. A 73-year-old man with a TBSA of 50% and a 75-year-old woman with a TBSA of 36% died as a consequence of a clinically confirmed P. aeruginosa burn wound sepsis. A 43-year-old man with a TBSA of 75% died of a polymicrobial (P. aeruginosa and Aspergillus) burn wound sepsis. A 65-year-old man with a TBSA of 50% and inhalation injury survived severe inhalative VOL. 41, 2003 MOLECULAR EPIDEMIOLOGY OF PSEUDOMONAS AERUGINOSA 1193 pneumonia caused by P. aeruginosa. In addition, P. aeruginosa infection represented a contributing factor in the death of an 86-year-old woman with a TBSA of 12% and a history of heart disease. Three patients survived clinically confirmed burn wound sepsis caused by P. aeruginosa. AFLP analysis. AFLP analysis of the 366 selected P. aeruginosa isolates revealed 48 AFLP genotypes ( Fig. 2 and Table 1 ). These have been arbitrarily named AFLP genotype 1 (AFLP1) to AFLP48. The AFLP patterns of the strains were consistent over time; occasionally, differences of one or two bands were observed between the AFLP patterns of multiple isolates of the same strain. Fifteen individual AFLP genotypes were isolated from individual patients, 10 genotypes were isolated from 2 or more patients, 21 genotypes were isolated exclusively from the hospital environment, and 2 genotypes were isolated from the environment and patients. The most frequently identified clones were AFLP35 (131 isolates) and AFLP8 (76 isolates). Twenty-nine patients were colonized with AFLP35, 19 were colonized with AFLP8, and 6 were colonized with isolates of both AFLP types. AFLP35 was responsible for several outbreaks during the entire study period, while AFLP8 was first introduced in the BWC in October 1998 (Fig. 3) . The AFLP35 strain was isolated from the hospital environment on six occasions. It was recovered from a 5% chlorhexidine solution (Hibidil) and repeatedly from a "cleaned" stretcher of a hydrotherapy facility, respiratory therapy equipment, and the sink of a patient room. Fifty-seven events of cross-acquisition were observed. Nineteen patients (27%) were coinfected with P. aeruginosa strains belonging to two to four different genotypes. Patient P13 (age, 25 years; TBSA, 75%) was simultaneously colonized with isolates belonging to four distinct genotypes (AFLP8, AFLP32, AFLP33, and AFLP35) (Fig. 4) . During his 10-month hospitalization period, this patient was continuously colonized with epidemic strains AFLP8 and/or AFLP35. The AFLP8 strain was still isolated from his burn wounds 1 week after his discharge from the BWC (Fig. 3) . MDR strain AFLP35 was more frequently isolated from sputum than AFLP8, which was associated with burn wounds (Table 1) . Colonization with AFLP35 appeared on average 17.4 days (range, 6 to 43 days) after admission, with a median colonization length of 33.2 days (range, 5 to 207 days). The mean interval between admission and first isolation of AFLP8 isolates was 10.7 days (range, 2 to 38 days), and the median period of colonization was 47.1 days (range, 9 to 215 days).
Retrospective analysis of cryopreserved serotype O12 P. aeruginosa isolates showed that AFLP35 had been isolated from 12 patients in 1997.
Further analysis of the predominant clones observed in this study, which was done by combining the AFLP pattern, the nucleotide sequences of three (lipo)protein genes (oprI, oprL, and oprD), serotype, and pyoverdine type, revealed that all strains except the AFLP8 strain belonged to recently identified clonal complexes (42) .
Isolates of the AFLP18 strain were recovered from the water of a "clean" trolley, the sinks of a patient room and the cafeteria, and the floor of a bathroom. Isolates of the AFLP2 strain were recovered from the unfiltered water of the main water tap of one ICU and two MCU bathrooms. Closely related genotypes AFLP36 and AFLP37 were recovered from the water from a faucet in an operating theater and an ICU patient room. Genetically related strains AFLP44, AFLP45, and AFLP46 were isolated from the sinks of three rooms in the MCU.
Serotyping. Of the 48 AFLP genotypes, 28 (58.3%) belonged to serotypes 1 (n ϭ 6), 6 (n ϭ 10), and 11 (n ϭ 12) ( Table 1 ). All isolates of each AFLP type exhibited the same serotype. Isolates belonging to the predominant genotypes exhibited serotypes O12 (AFLP35), O6 (AFLP32 and AFLP33), and O11 (AFLP1). AFLP8 isolates agglutinated with antiserum mixture E (O2, O5, O15, and O16) but not with monovalent antisera.
Drug susceptibility testing. Table 1 shows the average drug sensitivities of the 48 genotypes investigated. Most strains were found to be susceptible to most of the antibiotics tested. Isolates of four AFLP types (AFLP1, AFLP32, AFLP33, and AFLP35) were multiply antibiotic resistant. The AFLP1 strain was already MDR when it was first introduced into the BWC by admission of a colonized patient who had been transferred from Turkey. This MDR strain acquired further resistance to piperacillin to become resistant to all commercially available antibiotics. The AFLP35 strain, which was initially resistant to cefepime, ceftriaxone, ciprofloxacin, piperacillin, and tazobactam, acquired, step by step, resistance to amikacin, aztreonam, ceftazidime, imipenem, and meropenem to become an MDR strain. Strain AFLP32 was originally resistant to ceftriaxone, imipenem, and meropenem, but it soon acquired additional resistance to aztreonam, ciprofloxacin, and piperacillin. The statistics based on the results of all drug sensitivity tests performed from 1996 to 1998 show a disturbing amount of resistance in P. aeruginosa strains (Table 2) , mainly due to the very high frequency of isolation of the epidemic MDR AFLP35 nosa. Nitrofurazone (0.2%) was less effective, with an MIZ of 11.6 mm. The antibiotic-sensitive epidemic AFLP8 strain was less sensitive to 1% SSD and 1% SSD-2.2% cerium nitrate, the most widely used SSD-based antibacterial creams, than isolates of the other genotypes. Some AFLP8 isolates showed virtually no inhibition zones with either of those agents in the AWD test. Decreased in vitro sensitivities caused by prolonged use were not observed for either of the creams. 
DISCUSSION
Acquisition routes. The simultaneous isolation of antibioticresistant serotype O12 P. aeruginosa isolates in five burn wound patients was recognized as unusual. As a result, an epidemiological study was initiated in order to investigate the routes of P. aeruginosa acquisition in our BWC. P. aeruginosa colonization may originate from endogenous sources such as the intestinal tract (38) or from exogenous sources such as contaminated equipment or other patients colonized with P. aeruginosa (20) . Understanding the relative importance of the routes of colonization is crucial to the development of effective preventive measures against infection. Even if the overall rate of P. aeruginosa colonization is not significantly reduced, it is important to recognize cross-infecting strains, especially if they exhibit resistance to a variety of antibiotics and give rise to severe infections.
As demonstrated in other studies (6), the inanimate hospital environment was not an important source of the P. aeruginosa isolates recovered from patients, even though 21 strains of P. aeruginosa were found in the burn unit environment. Isolates of strain AFLP2 and two groups of closely related environmental genotypes, AFLP36 and 37 and AFLP44, 45, and 46, were isolated from remote, tap water-related sites in the BWC. We suspect a common origin for these strains somewhere upstream from the water faucets, possibly the water reservoir of the hospital. 
Downloaded from
Colonized patients represent a continuous reservoir of (epidemic) strains from which other patients can be colonized via cross-acquisition (33) . A limitation of this study is that no rectal swab or stool samples were collected on admission. As a result, we have no direct information concerning the colonization of the intestinal tracts of the patients on admission. The large number of unique genotypes observed in the patients (n ϭ 25), however, suggests that a large number of patients were colonized from an endogenous source. On the other hand, 29 patients were colonized with the AFLP35 strain, 19 patients were colonized with the AFLP8 strain, and 6 patients were colonized with both genotypes. Although a common-source outbreak was initially suspected, a thorough survey of the inanimate hospital environment failed to identify an ongoing reservoir of AFLP35 and AFLP8 strains. Six AFLP35 isolates were recovered from the hospital environment, but all seemed to originate from colonized patients.
The observation that the antibiotic resistance of environmental AFLP35 isolates increased in parallel with that of the clinical isolates strengthened our conclusion that AFLP35 contamination of the environment was secondary to patient carriage. Since AFLP8 isolates were isolated from patients only 2 months before the last environmental survey, detection of this strain in the hospital environment was less likely than detection of AFLP35, which persisted in the BWC for years. The absence of an ongoing reservoir for P. aeruginosa AFLP35 and AFLP8 in the hospital environment and the presence of at least one colonized patient in the burn unit during the outbreak period (Fig. 3) suggest that the spread of both epidemic strains was related to cross-contamination between patients. The primary source of the two epidemic P. aeruginosa strains, the inanimate environment or a patient who was colonized on admission (intestinal tract or respiratory tract), remains unknown. The observation of 57 cases of cross-colonization indicates that cross-colonization was the main route of P. aeruginosa acquisition in our BWC. Several studies have demonstrated that cross-acquisition can play an important part in the epidemiology of nosocomial colonization and infection with P. aeruginosa (3, 5, 44) .
In our BWC, horizontal transmission from colonized patients presumably occurred via transient contamination of staff or equipment involved in patient care. This conclusion is supported by the following three observations. (i) Several patients who were hospitalized during overlapping periods were colonized with the same P. aeruginosa strain. Patient P13, who was continuously colonized with isolates of both genotypes, especially in his wounds (Fig. 4) , during his 10-month hospitalization was probably the reservoir from which both genotypes disseminated through horizontal transmission during patient nursing. (ii) P. aeruginosa isolates of the AFLP35 strain were detected in the patient's surroundings, such that cross-acquisition is more than likely. AFLP35 was isolated from materials which were directly contaminated by the patient, such as the stretcher of a hydrotherapy facility, respiratory therapy equipment, and a 5% chlorhexidine solution (Hibidil), which was used during hydrotherapy. The isolation of the MDR AFLP35 strain from a chlorhexidine solution is not surprising. Recently, Koljalg et al. (28) observed a relation between antibiotic resistance and increased chlorhexidine resistance. There are indications that triclosan, another widely used synthetic antimicrobial agent, selects for antibiotic resistance (51) . Triclosan is used in a multitude of health care and consumer products including hand soaps, surgical scrubs, health care personnel hand washes, toothpastes, and mouthwashes (26) . An environment in which antimicrobial agents like chlorhexidine and triclosan are routinely used could select for bacteria that are (inherently) resistant to these agents, like P. aeruginosa. Hydrotherapy equipment has been strongly linked to a P. aeruginosa epidemic in burn wound patients (57) . A possible route of transmission for the SSD-resistant (SSD r ) AFLP8 strain is the contamination of primary sterile supplies of 1% SSD or 1% SSD-2.2% cerium nitrate. An investigation of 19 brands of topical creams demonstrated high counts of bacteria and fungi, including P. aeruginosa, in 6 of them (40) . On the other hand, the AFLP18 strain was also recovered from crucial points in the patients' surroundings, but none of the patients were colonized with this strain. (iii) During the multiple outbreaks, the length of exposure before known colonization dropped dramatically, sometimes to 1 or 2 days, for both epidemic clones (Fig. 3) . This phenomenon is observed when the repetitive early inoculation of wounds with P. aeruginosa (during hydrotherapy, for example) overcomes the prophylactic effects of the topical agents (36) .
Breaks in barrier nursing techniques, like touching the patient without sterile gloves, inefficient hand washing between patient contacts, inefficient cleaning of hydrotherapy equipment facilities, the nontimely replacement of used antiseptics and antibacterial creams, and inefficient grouping of infected and noninfected patients, were occasionally observed or admitted to by the medical staff and provided the opportunity for patient-to-patient transmission. Circumstances such as a shortage of personnel and the outdated architecture of the BWC contributed to unnecessary patient movement and breaks in barrier nursing techniques.
We also observed the frequent occurrence of polyclonal P. aeruginosa colonization. Nineteen burn wound patients were simultaneously colonized with more than one strain of P. aeruginosa. Patient P13 harbored at least four distinct P. aeruginosa strains (Fig. 4) . The simultaneous cocolonization of individual patients with different P. aeruginosa strains, exhibiting different antibiotic resistance patterns, demands reasoned sampling of isolates used for antibiotic susceptibility testing.
Serotyping. The usefulness of serotyping is limited by the high frequency of nonserotypeable and polyagglutinable strains and the high prevalence of a few serotypes. Serotyping was performed to support the similarities found on the molecular level and to compare our results with those of earlier epidemiological studies. The predominant serotypes were O1, O6, and O11, which is in concordance with the results of earlier studies (4, 42) . The MDR AFLP35 strain belonged to serogroup O12. Epidemic strains are frequently of serotypes O11 and O12 (13, 14, 15, 19, 43, 47, 55) . Detection of the simultaneous presence of three distinct P. aeruginosa O12 strains, one of which was an environmental strain from the BWC, by AFLP analysis illustrates the advantage of genotyping over serotyping.
Drug susceptibility. Several strains, including the epidemic MDR AFLP35 strain, acquired resistance to amikacin, aztreonam, ceftazidime, imipenem, meropenem, and piperacillin, which are, not accidentally, the first-line antibiotics used in our BWC. This illustrates the importance of the selective pressure of antibiotics in the emergence and selection of MDR epidemic strains (47) . Retrospective analysis demonstrated that the AFLP35 strain was already omnipresent in the BWC in (12, 41) , and the persistence of an MDR P. aeruginosa clone in a burn unit has been reported (25) . However, in this study we have reported on the persistence of a moderately antibioticresistant strain of a widespread (serotype O12) clone which gradually became MDR. SSD is the most widely used silver compound in antimicrobial creams (27) . Because of the considerable differences in the diffusion rates of the different topical agents, it has been suggested that the inhibition zone sizes measured in the AWD test should not be interpreted as an indicator of the superiority of one topical agent over another (56) . However, one can argue that the diffusion capacity of a topical agent in agar can be an indicator for its penetration strength in wound beds, which is a very important aspect of the use of topical agents for burns. Furthermore, Thomson et al. (56) found that the clinical efficacy data for SSD and mafenide acetate were in good agreement with the results of the AWD test. The 8.5% mafenide acetate cream was by far the most active topical agent in vitro against the P. aeruginosa isolates analyzed in this study. This is partly due to the high diffusion capacity of this agent in the AWD test. Since systemic toxicity (metabolic acidosis) attends the use of mafenide acetate, this topical agent should be used as briefly as possible for the treatment of established microbial burn wound infections, especially those caused by P. aeruginosa (36) . Despite its high degree of penetration (24), 0.2% nitrofurazone had comparatively poor activity against P. aeruginosa in the AWD test. This parallels the findings of earlier studies, which showed that nitrofurazone is more effective against gram-positive cocci than against gram-negative rods (24, 56) . SSD (1%), 1% SSD-2.2% cerium nitrate, and 10% povidone-iodine showed comparable in vitro activities against the P. aeruginosa strains studied. Unfortunately, povidone-iodine is readily absorbed in the blood and has been associated with lethal metabolic acidosis (36) . Since no significant toxicity attributable to SSD or cerium has been observed, 1% SSD and 1% SSD-2.2% cerium nitrate can be used prophylactically and may delay colonization of extensive burn wounds with gramnegative bacilli for from 10 to 14 days (36). Although cerium nitrate was shown to have a potent antiseptic effect in burn wounds, especially against gram-negative bacteria and fungi (37) , in this study, 1% SSD was found to be almost as effective against P. aeruginosa as 1% SSD-2.2% cerium nitrate. Marone et al. (34) also found no difference in the in vitro activities of SSD alone and SSD in combination with cerium nitrate against staphylococci and gram-negative bacteria. The benefit of cerium in reducing infection in contaminated wounds remains controversial (27) . The emergence of SSD r strains is rare, even when the agent is routinely used (36) . Plasmid-mediated silver resistance has been observed in Acinetobacter baumannii (9) , Escherichia coli (54) , Salmonella enterica serovar Typhimurium (35) , and Pseudomonas stutzeri (22) . Little is known, however, about the molecular genetic basis of bacterial silver resistance. Plasmid-mediated resistance to silver was studied in detail in Salmonella (21) . The resistance determinant encoded a periplasmic silver-specific binding protein and two parallel efflux pumps. Silver-resistant mutants of E. coli displayed active efflux of silver ions and were deficient in porins (29) . The silver resistance in a P. stutzeri strain was assumed to be due to the formation of silver-sulfide complexes (52) . Resistance of clinical P. aeruginosa isolates to SSD was also detected (23) and was assumed to be plasmid related. From 1977 to 1998 some gentamicin-resistant P. aeruginosa strains were found to be resistant to silver nitrate, but this resistance was revealed to be unstable and disappeared upon repeated subculture (8) . The resistance of the AFLP8 strain to SSD also diminished upon subculture and subsequent cryopreservation. The mechanisms of silver resistance in P. aeruginosa have not been thoroughly investigated. The fact that the AFLP8 strain persisted in our BWC, colonizing various body sites of multiple patients for long periods of time, with subsequent severe infections, shows that SSD r P. aeruginosa strains can pose problems comparable to those caused by antibiotic-resistant strains.
Although it is a somewhat controversial technique, the AWD test can eliminate antibacterial creams inappropriate for use against particular bacterial strains. In this specific case, 1% SSD and 1% SSD-2.2% cerium nitrate could have been excluded for use on burn wounds colonized with the AFLP8 strain.
The implementation of a strict infection control strategy with a more rational use of antibiotics and the topical use of antibiotics could probably have prevented the dissemination of the MDR and SSD r epidemic strains in our BWC. Disease habitat selection. The rate of detection of the MDR strain in sputum (14%) was significantly higher than that of the SSD r strain (3%), which, on the other hand, showed a higher prevalence in burn wound samples (62%) compared to that of the MDR strain (45%). The mean interval between admission and recovery of the first isolate was significantly shorter for the SSD r AFLP8 strain (10.7 days) than for the MDR AFLP35 strain (17.4 days). The mean colonization length was longer for the SSD r AFLP8 strain (47.1 days) than for the MDR AFLP35 strain (33.2 days). The SSD r AFLP8 strain colonized the burn wounds of patient P13 for more than 7 months but was only sporadically isolated from sputum and urine (Fig. 4) . These results indicate an advantage of the SSD r strain in colonizing burn wounds, probably due to the very low concentrations of systemically administered antibiotics in burn wounds caused by wound ischemia (36) and its insensitivity to the topical creams 1% SSD and 1% SSD-2.2% cerium nitrate. In the lungs, the SSD r strain, being multiantibiotic sensitive, is efficiently eradicated by antibiotics, in contrast to the MDR strain. Several studies have demonstrated that there is no strong association of particular P. aeruginosa clones with a particular pathovar (1, 17, 42, 46, 48, 49) . In contrast, Lomholt et al. (32) recently found evidence for an epidemic clone that is pathogenic for the eye. In this study we demonstrate that particular (acquired) properties of strains, like drug resistance, can elicit selection for a particular (human disease-related) habitat. Hence, which came first: the drug resistance or clinical habitat selection? We hypothesize that differences in drug susceptibility (MDR versus SSD r ) were the basis of the niche selection observed and were accentuated through the systemic administration of antibiotics and topical burn wound treatment. The AFLP35 strain appeared to be more invasive than the AFLP8 strain. The AFLP35 strain caused severe, occasionally lethal, burn wound sepsis in five patients (patients P11, P13, P19, P23, and P25) and inhalative pneumonia in one patient (patient P4), whereas the AFLP8 strain caused lethal burn wound sepsis in only one patient (patient P41) (Fig. 3) .
Conclusion. We observed cycles of ongoing transmission of two persistent P. aeruginosa strains with distinctive features. The first strain, an MDR AFLP35 serotype O12 strain which was endemic in our BWC, belonged to a previously described successful and widespread clonal complex (42) , and the second strain was the supposedly rare SSD r AFLP8 serotype E strain. Both strains apparently persisted in the BWC through insufficient compliance with infection control measures and selective pressure from antibiotics and SSD-based antibacterial creams. The background for these recurrent outbreaks was one of high rates of endogenous colonization and very low rates of acquisition from the inanimate hospital environment, which was characterized by polyclonality and which strongly resembled the state of polyclonal endemicity described by Bonten et al. (7) in ICUs. Fingerprinting by AFLP analysis provides discriminatory power comparable to that of pulsed-field gel electrophoresis for the epidemiological study of P. aeruginosa (53) . The present study demonstrates the usefulness of genotyping in the fight against nosocomial infections. Acquisition times, rates of colonization, and phenotypic characteristics like serotype and antibiotic susceptibility patterns can provide alerts to an emerging outbreak. Additional genotyping of surveillance isolates by RAPD-PCR, which is less reproducible but which is also less expensive and time-consuming than AFLP or pulsedfield gel electrophoresis analysis, enables clinicians to confirm an outbreak. A detailed prospective epidemiological study by a multiparametric approach, like the one demonstrated in this work, can provide useful information on the routes of colonization. AFLP20 to AFLP26 strains exhibited similar genotypes but distinct serotypes. Sequencing of the oprL gene and pyoverdine typing revealed that these strains were not epidemiologically related. This illustrates the advantages of a polyphasic approach. Routine fingerprinting of P. aeruginosa isolates could have prevented the two P. aeruginosa outbreaks. The medical staff of the BWC concluded on 10 August that an outbreak was occurring, while retrospective epidemiological analysis demonstrated that on 3 July four patients were already colonized with the AFLP35 epidemic strain (Fig. 3) . Nowadays, several genotyping methods are in use, although they are mostly in use in large university laboratories or research-oriented medical microbiology units. Public health authorities should support the provision of genotyping techniques like AFLP analysis or molecular epidemiology in general in the routine microbiology laboratory.
